The transverse profile of the chromoelectric field generated by a quark-antiquark pair in the SU(3) vacuum is analysed within the dual superconductor scenario, then the London penetration depth and coherence length are extracted. The color field is determined on the lattice through a connected correlator of two Polyakov loops measured on smeared configurations.
Introduction
As is well known, the chromoelectric flux tubes produced by a pair of static color charges in the QCD vacuum represent an evidence for the confinement phenomenon [1] . Monte Carlo simulations of lattice QCD [2] [3] [4] allow nonperturbative studies of the chromoelectric field distribution associated with the flux-tube structures. Within the dual superconductor model of QCD vacuum, conjectured by 't Hooft and Mandelstam [5] , the condensation of color magnetic monopoles responsible for the formation of flux tubes is seen in analogy to the formation of Cooper pairs in the BCS theory of superconductivity. Whereas the dynamical condensation of color magnetic monopoles is not explained by the dual superconductor construction, convincing lattice evidences for this condensation mechanism have been found [6] . In previous studies [4, 7] , the flux-tube chromoelectric field distribution has been investigated through the connected correlation function [3, 8] : 1) where U P = U µν (x) is the plaquette in the (µ, ν) plane, connected to the Wilson loop W by a Schwinger line L, and N is the number of colors (see Fig. 1 in Refs. [7] ). In the naive continuum limit [3] we have
wheredenotes the average in the presence of a staticpair and 0 is the vacuum average. In ordinary superconductivity tube-like structures arise as solutions of the Ginzburg-Landau equations [9] . Within dual superconductivity, the formation of the chromoelectric flux tubes can be interpreted as dual Meissner effect and the chromoelectric field distribution should resemble the dual version of the Abrikosov vortex field distribution. This led to the proposal [4, 7] to fit the transverse shape of the longitudinal chromoelectric field according to 3) where K n is the modified Bessel function of order n, Φ is the external flux, and λ = 1/µ is the London penetration length. However, Eq. (1.3) is valid only for type-II superconductors, i.e. for λ ξ , ξ being the coherence length, which measures the coherence of the magnetic monopole condensate. Several numerical studies [10] have, instead, shown that the confining vacuum behaves much like a dual superconductor lying on the borderline between type-I and type-II superconductivity. Nonetheless, in Ref. [11] it has been suggested a different fitting function by exploiting the results in Ref. [12] . There, from the assumption of a simple variational model for the magnitude of the normalized order parameter of an isolated vortex, analytic expressions for magnetic field and supercurrent density are derived, that solve the Ampere's law and the Ginzburg-Landau equations. By dual analogy 4) where ξ v is a variational core-radius parameter. Equation (1.4) is equivalent to
By fitting Eq. (1.5) to E l (x t ) data, one can extract both the penetration length λ and λ /ξ v . The Ginzburg-Landau κ parameter can then be obtained by 6) and, the coherence length ξ can be deduced.
With the final aim of extending the analysis of flux tubes to the case of finite temperatures (where the study of these structures is directly relevant to clarify the formation of cc and bb bound states in heavy ion collisions), we cannot employ Eq. (1.1). Nevertheless, it suffices replacing, in Eq. (1.1), the Wilson loop with two Polyakov lines (see Fig. 1 ). In addition, also the cooling mechanism, previously used to enhance the signal-to-noise ratio, was replaced in our work by the APE smearing procedure [13] , to get rid of lattice artifacts. Preliminarily, a check that this method gives results consistent with previous studies, adopting Wilson loops and cooling, is necessary, and that is the subject of the present work (see Ref. [14] for more details). Indeed, numerical results on the chromoelectric flux tubes in SU (3) 
Flux tubes on the lattice
In order to explore the field configurations produced by a staticpair, the following connected correlation function was considered:
The two Polyakov lines are separated by a distance ∆. In the continuum limit we obtain the field strength tensor, defined as [15] 
Wilson action with periodic boundary conditions and the Cabibbo-Marinari algorithm [16] com- bined with overrelaxation were used, and simulations were performed on 20 4 lattices. We considered ∆ = 4a, 6a, 8a (a is the lattice spacing), and four different values of the gauge coupling β in the range 5.9 ÷ 6.1. Measurements were taken every 10 updatings in order to reduce the autocorrelation time. The jackknife method was used for the error analysis. The smearing procedure as described in Ref. [13] , with smearing parameter ε = 0.5, was employed to reduce statistical errors. The flux tube is confirmed to be almost completely formed by the longitudinal chromoelectric field E l , which is constant along the flux axis and decreases rapidly in the transverse direction x t . To probe E l (x t ), the plaquette in Eq. (1.5) was placed in correspondence to the middle point (labeled by x t = 0) of the axis connecting the static sources and, then, moved along all possible transverse spatial directions to distances x t > 0 from that axis. We fitted our data to Eq. (1.5) and the result of the fit is shown in Fig. 2 . To check rotational invariance, also noninteger distances were considered for ∆ = 4a, but, since the only effect of restricting the fit to integer distances was a reduction of the reduced chi-square, χ 2 r , in order to have less time-consuming simulations, we performed measurements for integer transverse distances only, for all the other ∆ values.
The fit of our data to Eq. (1.5) was realized for each smearing step in the interval 16 ÷ 50. The parameters φ , µ, and λ /ξ v were extracted and the Ginzburg-Landau parameter κ was evaluated through Eq. (1.6). Well-defined plateaux were found in the dependence of all parameters on the number of smearing steps (see table 1 for the β =6.0 and ∆ = 6a case). In order to check for contamination effects, on E l , due to the proximity of the static color sources, we varied ∆. It was found that the µ and λ /ξ v values for ∆ = 4a were systematically higher than for ∆ = 6a, 8a, while, for all the parameters the values obtained for the ∆ = 6a and 8a were consistent within each other. The large statistical errors affecting our estimates for ∆ = 8a led us to focus our analysis on the case ∆ = 6a as a good compromise between the absence of contamination effects and a reasonable signal-to-noise ratio. Figure 3 shows the behavior of φ , µ, λ /ξ v and κ, for ∆ = 6a and for different values of β , versus the number of smearing step. For β ≥ 6.0, our estimate for the parameters seems to be independent of the number of smearing steps. 
Penetration and coherence lengths
The estimation in physical units of the London penetration depth, λ , and the coherence length, ξ , is the final goal of our analysis. For this purpose it is, first of all, necessary to study the scaling of the plateau values of aµ with the string tension. To do this, we expressed the values of aµ in units of √ σ , using the parameterization [17] :
The use of the above parameterization allowed us also to compute and display, in Fig. 2 , the transverse structure of E l (x t ) in physical units. Figure 4 (Left) shows the ratio µ/ √ σ versus β . For β ≥ 6.0, µ scales according to the string tension. Likewise, the dimensionless Ginzburg-Landau parameter κ scales in the same interval of β (see Fig. 4 (Right) ). Fitting, in both cases, the data in the scaling window with a constant we get
Assuming the standard value for the string tension, √ σ = 420 MeV, from Eq. (3.3) we get
Our determinations appear to be in good agreement with the results in Ref. [11] which were obtained using the connected correlator built with the Wilson loop, and the cooling procedure. Type-I superconductivity of the SU(3) vacuum is confirmed and agreement is found also with Ref. [18] . 
